Alzheimer's disease (AD) is a fatal neurodegenerative disease affecting 36 million people worldwide. Genetic and biochemical research indicate that the excessive generation of amyloid-β peptide (Aβ) from amyloid precursor protein (APP), is a major part of AD pathogenesis. FE65 is a brain-enriched adaptor protein that binds to APP. However, the role of FE65 in APP processing and the mechanisms that regulate binding of FE65 to APP are not fully understood. In the present study, we show that serum-and glucocorticoid-induced kinase 1 (SGK1) phosphorylates FE65 on Ser 610 and that this phosphorylation attenuates FE65 binding to APP. We also show that FE65 promotes amyloidogenic processing of APP and that FE65 Ser 610 phosphorylation inhibits this effect. Furthermore, we found that the effect of FE65 Ser 610 phosphorylation on APP processing is linked to a role of FE65 in metabolic turnover of APP via the proteasome. Thus FE65 influences APP degradation via the proteasome and phosphorylation of FE65 Ser 610 by SGK1 regulates binding of FE65 to APP, APP turnover and processing.
INTRODUCTION
Alzheimer's disease (AD) is a progressive neurodegenerative disease affecting 36 million people worldwide. Despite its long history of discovery, effective treatment against the disease is still lacking [1] . Previous genetic, biochemical and behavioural research shed light on the importance of accumulation of amyloid β peptide (Aβ) in AD pathogenesis [2] . Aβ is a proteolytic cleavage product of amyloid precursor protein (APP), a transmembrane protein known to be a substrate of regulated intramembrane proteolysis (RIP) involving the combined actions of α-secretase, β-secretase and γ -secretase. Under normal circumstances, APP would mainly follow the non-amyloidogenic pathway which does not produce the toxic Aβ. In AD patients, however, more APP would follow the amyloidogenic pathway in which APP is cleaved by β-and γ -secretase sequentially, generating Aβ which eventually leads to deposition of extracellular amyloid plaque [2, 3] . In this regard, understanding how proteolytic cleavage of APP is regulated emerges as a critical field of research in developing therapeutic intervention against AD.
Although the mechanisms are still not fully understood, evidence shows that APP-interacting proteins, including APP intracellular domain (AICD) interactors, play essential roles in regulating APP processing [3, 4] . It is generally believed that AICD serves as a docking site for a number of intracellular proteins including FE65 and enables the formation of different protein complexes that modulate APP processing [3, 5] . FE65 is a brain-enriched adaptor protein with abundant expression in hippocampus, the region which is severely affected in AD [6] . It possesses three conserved protein interaction domains, namely an N-terminal WW domain and two C-terminal phosphotyrosinebinding (PTB) domains, which allow the formation of multimolecular complexes. It is well characterized that through its second PTB domain (PTB2), FE65 physically binds to the YENPTY motif of APP [3, 7] . In recent years, an increasing body of evidence suggests that FE65 modulates APP processing and that APP-FE65 interaction is essential to the alteration in APP processing [8] [9] [10] [11] [12] [13] [14] . However, conflicting findings are reported for the effect of FE65 on APP processing [8] [9] [10] 15] . It is proposed that such contradictory observations are partly due to differences in the phosphorylation status of FE65 [3] .
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serum-and glucocorticoid-induced kinase 1 (SGK1) was found to be a candidate kinase for FE65 Ser 610 . Moreover, we found that phosphorylation of FE65 Ser 610 by SGK1 markedly diminishes APP-FE65 interaction. It follows that when FE65 Ser 610 is phosphorylated, the enhancing effect of FE65 on APP processing and Aβ liberation is attenuated. We also found that the phosphorylation state of Ser 610 of FE65 regulates the turnover of APP, which explains, at least in part, why APP processing is affected. Our study revealed a novel molecular mechanism that governs APP processing and Aβ generation.
MATERIALS AND METHODS

Cell culture and transfection
Chinese hamster ovary (CHO) cells were cultured in Ham's F12. Human embryonic kidney 293 (HEK293) and COS-7 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) low glucose. All culture media are supplemented with 10 % (v/v) FBS. Plasmid transfection was performed using XtremeGENE 9 (Roche) or X-tremeGENE HP (Roche) according to the manufacturer's instructions. For knockdown experiments, siRNAs purchased from Dharmacon, Thermo Scientific were transfected to cells using Lipofectamine RNAiMAX (Invitrogen). The effect of the ubiquitin-proteasome system and autophagy on APP degradation was evaluated by treating cells with 2.5 μM MG132 (Merck Chemicals) for 16 h and 5 mM 3-methyladenine (3-MA; Santa Cruz) for 12 h respectively.
Plasmids
His-tagged human SGK1 plasmid was a kind gift of Professor David Pearce (University of California, San Francisco). Constitutively active SGK1 mutant (SGK1-CA) was prepared by mutating Ser 422 to aspartate (S422D) by Quikchange II site-directed mutagenesis. Mammalian expression constructs of human APP 695 isoform, β-site amyloid precusor protein cleaving enzyme 1 (BACE1) and myc-tagged FE65 were as described [18] [19] [20] . Point mutations on Ser 610 of FE65 were introduced by Quikchange II site-directed mutagenesis. GST-APPc [APP cytosolic tail; amino acid (aa) 599-695] bacterial expression plasmid was as previously described [18] . GST-FE65 598-619 WT (wild-type) and GST-FE65 598-619 S610A were cloned into EcoRI and XhoI sites of pGEX-6p-1 by annealed oligo cloning. The APP-GAL4 plasmid which encodes human APP 695 followed by full-length GAL4 yeast transcription factor was described previously [21] . The GAL4-dependent firefly luciferase plasmid pFR-Luc and the transfection efficiency control reporter Renilla luciferase plasmid phRL-TK were purchased from Stratagene and Promega respectively.
Antibodies
Myc-tagged FE65 was detected with anti-myc 9B11 antibody (Cell Signaling Technology) or E20 anti-FE65 antibody (Santa Cruz). The same antibody was also used to detect endogenous FE65 in knockdown experiments. APP was detected with a rabbit anti-APP antibody as described previously [22] . DM1A anti-α-tubulin antibody and anti-FBL2 (F-box and leucine-rich repeat protein 2) antibody were obtained from Santa Cruz. 9B21 anti-BACE1 antibody was as described [20] . P4D1 antiubiquitin antibody and rabbit polyclonal anti-p62 antibody were purchased from Cell Signaling Technology. His-tagged SGK1 was immunoprecipitated with anti-His antibody (Proteintech). Serine-phosphorylated proteins were immunoprecipitated by an anti-phosphoserine (pSer) antibody (Abcam). 22C11 anti-APP antibody (Millipore) and a rabbit anti-FE65 antibody as described [16] were used in immunofluorescence staining.
GST pull-down assay
GST pull-down assay was performed as described previously [23] . In brief, GST and GST-APPc fusion protein were expressed in Escherichia coli BL21 and immobilized on glutathione sepharose 4B (GE Healthcare) according to the manufacturer's instructions. FE65 S610A and FE65 S610D were overexpressed in CHO cells. Transfected cell lysates were prepared in ice-cold cell lysis buffer composed of 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 % (v/v) Triton X-100 and Complete TM proteinase inhibitor (Roche) as described [16] . The immobilized GST and GST-APPc baits were allowed to incubate with the transfected cell lysates at 4
• C for 3 h. The baits were washed with ice-cold lysis buffer three times at the end of incubation and the captured proteins were resolved on SDS/PAGE. FE65 was immunoblotted with 9B11 anti-myc antibody against the C-terminal myc tag.
Co-immunoprecipitation
CHO cells were transfected with APP + either myc-tagged FE65 S610A or S610D. Cells were harvested in ice-cold cell lysis buffer as detailed above. Myc-tagged FE65 was immunoprecipitated from cell lysate using 9B11 anti-myc antibody and subsequently captured by Protein A-agarose (Sigma). The immunoprecipitates were washed three times with ice-cold lysis buffer afterwards. Proteins in the immunoprecipitates were subjected to analysis by SDS/PAGE and Western blotting. APP and myc-tagged FE65 were detected by an anti-APP antibody and 9B11 anti-myc antibody respectively. Co-immunoprecitation of APP and FE65 in the absence or presence of SGK1-CA was performed similarly.
Kinase Finder radiometric protein kinase assays
Kinase Finder radiometric protein kinase assay was performed by ProQinase. In brief, a biotinylated peptide of FE65 (CRVRFLSFLAVGR; residues 604-616) was incubated with various kinases from a panel of 190 recombinant serine/threonine kinases and reaction cocktails (60 mM HEPES/NaOH, pH 7.5, 3 mM MgCl 2 , 3 mM MnCl 2 , 3 μM sodium orthovanadate, 1.2 mM DTT, 50 μg/ml PEG 20000, 1 μM [γ -
33 P]-ATP) at 30
• C for 60 min. The reactions were terminated by adding an appropriate amount of stop solution (4.7 M NaCl, 35 mM EDTA) and then transferred to streptavidin-coated 96-well FlashPlate PLUS plates (PerkinElmer). The plates were incubated at room temperature for 30 min and then washed three times with 0.9 % (w/v) NaCl. Radioactive 33 P signals were measured by a microplate scintillation counter.
In vivo phosphorylation assay
Cells transfected with myc-tagged FE65 with or without SGK1-CA were harvested in ice-cold RIPA (radioimmunoprecipitation assay) buffer composed of 50 mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 % (w/v) sodium deoxycholate, 0.1 % (w/v) SDS, 1 % (v/v) Triton X-100, supplemented with 0.5 mM sodium orthovanadate, 30 mM NaF and Complete TM proteinase inhibitor (Roche). Serine-phosphorylated proteins were immunoprecipitated from cell lysate using anti-pSer antibody (Abcam) and subsequently captured by protein Aagarose (Sigma). The immunoprecipitates were washed three times with ice-cold RIPA buffer and subjected to analysis by SDS/PAGE and Western blotting. Myc-tagged FE65 and Histagged SGK1-CA were detected by 9B11 anti-myc antibody and an anti-His antibody respectively.
In vitro kinase assay
SGK1-CA was immunoprecipitated from transfected CHO cell lysate using anti-His antibody followed by antibody capturing with protein A-agarose (Sigma). The immunoprecipitates were washed two times with ice-cold lysis buffer followed by 1× kinase buffer (60 mM HEPES/NaOH pH 7.5, 3 mM MgCl 2 , 3 mM MnCl 2 , 1.2 mM DTT, 3 μM sodium orthovanadate) once. The immunoprecipitates bound protein A-Agarose beads were resuspended in 1× kinase buffer and used immediately for kinase assay. Each reaction tube was composed of 10 μl of immunoprecipitated kinase, 0.5 μg of substrate and 0.5 μl of 3000 Ci/mmol 5 μCi/μl [γ -
32 P]-ATP to a total volume of 20 μl. The reaction mixture were incubated at 30
• C for 30 min, resolved on SDS/PAGE and exposed to an autoradiogram.
Preparation of simulation models
The crystal structure of FE65-PTB2 (PDBID 3DXC) chain A was used as the starting structure for simulation of the free apo protein with Ser 610 (PTB2-S610). After the MD simulation, the most representative structure was used as the reference model for the preparation of the other two models. The PTB2-S610D model was created in Coot [24] employing the built-in rotamer library [25] . The model of PTB2 with phosphorylated Ser 610 (PTB2-pS610) was prepared with the SIDEpro server [26] , with all atoms fixed except for Cβ and Oγ of Ser 610 . The phosphorylated serine side chain is assumed to be not protonated and carries a charge of − 2.
MD
MD was performed with the program GROMACS 4.5.5 [27] employing the GROMOS 54A7 force field which includes phosphorylated residues [28] , maintained by the Vienna-PTM server [29] . The initial models were immersed in an octahedral solvent box with 1.0 nm thick edges and with SPC water model. Sodium and chloride ions were added to a physiological concentration of 0.15 M and to neutralize the protein overall charges. For all runs, all bond lengths were constrained by using the LINCS algorithm [30] and the simulation step size was 2 fs. Particle mesh Ewald summation was employed for electrostatic interaction calculations, with a cut-off radius of 0.9 nm. A cut-off radius of 1.4 nm was applied to van der Waals interactions. The list of neighbours of each atom, with a cut-off radius of 0.9 nm, was updated every 10 steps. The solvated model was first allowed to relax by unrestrained energy minimization (steepest descent) to reach a target maximum force of 1000.0 kJ mol − 1 ·nm − 1 . Next, the system temperature was raised to 300 K over 100 ps, using the velocity-rescaling thermostat (NVT [substance (N), volume (V) and temperature (T)] ensemble), with a positional restraint of 1000.0 kJ mol − 1 ·nm − 2 applied to all protein atoms. Then the system pressure was adjusted to 1 bar for 400 ps, using the Berendson barostat (NPT [substance (N), pressure (P) and temperature (T)] ensemble). During this stage, the positional restraint was progressively reduced from 1000.0 to 0.1 kJ mol − 1 ·nm − 2 over eight steps of 100 ps each. The production phase of each system comprises of 10 ns unstrained MD simulations using the leapfrog algorithm. The structures and energies were saved every 10 ps.
Analysis
RMSD calculations were performed using VMD software [31] . The structures were aligned using all Cα atoms, with the coordinates of the most representative structure of the FE65-PTB2 Ser 610 simulation as the reference.
Indirect immunofluorescence
Transfected COS-7 cells grown on glass coverslips were fixed and processed, as previously described [32] . APP was detected with 22C11 anti-APP antibody whereas FE65 was detected with a rabbit anti-FE65 antibody as described [16] . The primary antibodies were visualized by Alexa Fluor ® 488 and 594 secondary antibodies (Invitrogen). DAPI was purchased from Sigma for nuclei staining. Images were captured with an inverted fluorescence microscope (Olympus) and the subcellular localization of FE65 was quantified.
APP-GAL4 luciferase reporter assay
Cells were transfected with FE65/FE65 S610A/FE65 S610D together with APP-GAL4, pFR-Luc and phRL-TK. Forty-eight hours post-transfection, luciferase activity was assayed using a Dual-Glo luciferase assay system (Promega) according to the manufacturer's instructions. The firefly and Renilla luciferase activities were measured by a luminometer (Wallace) and the ratio of firefly luciferase activity to Renilla luciferase activity is denoted as relative luciferase activity.
Tris-tricine SDS/PAGE analysis for APP CTFs
APP CTFs (C-terminal fragments) were resolved on 16 % Tristricine SDS/PAGE as described previously followed by Western blot analysis [33] . A rabbit anti-APP antibody that was raised against the last 21 aa residues of APP was used to detect for the CTFs [22, 33] .
Aβ ELISA assay
Human Aβ 1-42 secreted into the cell culture medium was assayed with a High Sensitivity Human Amyloid β42 ELISA kit (Millipore) according to the manufacturer's instructions. In brief, CHO cells were transfected with APP + indicated constructs using X-tremeGENE HP (Roche) to achieve high transfection efficiency. Forty-eight hours post-transfection, cell culture medium was aspirated and replaced with fresh culture medium. Seven hours afterwards, the medium was collected and the amount of Aβ 1-42 secreted within this period was assayed with the ELISA kit.
Cycloheximide chase assay
Transfected cells were treated with 10 μg/ml cycloheximide (CHX) 48 h post-transfection for 0, 2, 4 and 8 h. At the end of CHX treatment, cells were lysed in SDS sample buffer to obtain protein lysates for Western blot analysis. α-Tubulin was used as loading control. The relative amount of APP was quantified using ImageJ and plotted as percentage of APP at 0 h for each transfection.
Statistical analyses
Statistical analyses were performed using unpaired t test or oneway ANOVA test. Significance between different treatments is indicated as *P < 0.0001, **P < 0.01, ***P < 0.05, ns-P > 0.05.
RESULTS
Phosphorylation of FE65 Ser 610 interferes with APP-FE65 interaction
According to the crystal structure of the AICD-C32 aa 664-695 -FE65-PTB2 complex, FE65 Ser 610 is found to lie in its interaction interface [34] . Intriguingly, such a residue is reported to be phosphorylated in an FE65 isoform from mass spectrometric analysis [35] . Therefore, we investigated whether FE65 Ser 610 phosphorylation alters FE65-APP interaction. To test this, GST pull-down assay was performed using bacterially expressed GST-APPc (aa 599-695) fusion protein as bait to pull down CHO cell lysates transiently transfected with dephosphomimetic mutant FE65 S610A or phosphomimetic mutant FE65 S610D ( Figure 1A ). FE65 S610A was found to bind strongly to APPc, but the binding of FE65 S610D to APPc is substantially weaker, indicating that Ser 610 is a critical aa of APP-FE65 interaction. In complement to GST pull-down assay, co-immunoprecipitation was performed by co-transfecting APP with either myc-tagged FE65 S610A or S610D to CHO cells. Western blotting revealed that a greater amount of APP co-immunoprecipitated with FE65 S610A than with FE65 S610D ( Figure 1B ). This provides further evidence that phosphorylation of FE65 Ser 610 attenuates APP-FE65 interaction.
To identify FE65 Ser 610 kinases, we employed the commercial Kinase Finder radiometric protein kinase assay (ProQinase) which is a radiometric kinase assay for a panel of 190 serine/threonine kinases. The results suggested that SGK1 is a putative FE65 Ser 610 kinase (Supplementary Table S1 ). Intriguingly, the aa sequence around FE65 Ser 610 is found to be the SGK1 targeting consensus (R-X-R-X-X-S/T-ϕ; ϕ = hydrophobic residue) [36, 37] . To test if SGK1 alters the phosphorylation status of FE65 in vivo, cells were transfected with FE65 or FE65 + SGK1-CA and immunoprecipitated with pSer antibody. We found that an increased amount of FE65 was detected in the immunoprecipitate from cells co-transfected with SGK1 ( Figure 1C ). The result revealed that SGK1 enhances serine phosphorylation of FE65. In order to validate FE65 Ser 610 is the target residue of SGK1, bacterially expressed GST-FE65 598-619 WT and GST-FE65 598-619 S610A were incubated with SGK1-CA immunoprecipitated from transfected cell lysate together with [γ -32 P]-ATP for 30 min at 30
• C. The reaction mixture was resolved on SDS/PAGE and exposed to an autoradiogram. As shown in Figure 1 (D), SGK1 induces phosphorylation on WT but not on S610A mutant. We hereby showed that SGK1 phosphorylates FE65 at Ser 610 directly. Next, we investigated whether SGK1 interferes with APP-FE65 interaction. To do this, co-immunoprecipitation was performed from cells co-transfected with APP + FE65 or APP + FE65 + SGK1-CA. FE65 was immunoprecipitated by an anti-myc antibody and the immunocomplex was analysed for APP. As shown in Figure 1 (E), less APP co-immunoprecipitated with FE65 in the presence of SGK1-CA, indicating that SGK1-CA weakens the interaction between APP and FE65. of APP at the binding interface. On the other hand, when Ser 610 was phosphorylated, the larger side chain preferentially adopted the t-rotamer conformation and only occasionally changed to − 100 o , whereas both p-and mconformations were prohibited due to steric hindrance from the strand β6 and the loop between strand β1 and helix α2 ( Figure 2C ). As a result, the side chain pointed out into the solvent and might disrupt APP binding due to steric clash with Tyr 687 of APP ( Figure 2C ). Similar observation was made with the S610D mutant where its side chain predominantly adopted the tconformation ( Figure 2D ). Our MD simulation results therefore provided a convincing explanation of how phosphorylation of Ser 610 or its mutation to aspartate may disrupt APP binding.
FE65 S610D does not co-localize with APP
An important implication of APP-FE65 interaction is that APP serves as a cytosolic tethering site of FE65 and prevents FE65 nuclear localization [38] . As phosphorylation of FE65 Ser 610 precludes binding of FE65 to APP, we wondered if the phosphorylation alters FE65 subcellular localization. Immunofluorescence staining was performed using COS-7 cells transiently transfected with either APP + FE65, APP + FE65 S610A or APP + FE65 S610D. Consistent with a previous report [38] , APP and FE65 were found to co-localize in the perinuclear region ( Figures 3A-3D ). In the present study, we demonstrated that FE65 S610A is also tethered to the perinuclear region by APP (Figures 3E-3H) . On the other hand, in the majority of cells (72 % of cell population), FE65 S610D, which is unable to bind to APP, retains in the nucleus (Figures 3I-3L ). Quantification of subcellular localization of FE65 is shown in Figure 3 (M).
Phosphorylation of FE65 Ser 610 abolishes the effect of FE65 on APP processing
Aberrant processing of APP would result in excessive Aβ generation and the process is known to be modulated by a number of APP-interacting proteins including FE65. As phosphorylation of FE65 Ser 610 prevents APP-FE65 interaction, we speculated that this phosphorylation event might be involved in the regulation of FE65-mediated APP processing. To address this issue, we first employed an APP-GAL4 reporter system to evaluate the effect of FE65 Ser 610 phosphorylation on γ -secretasemediated APP cleavage. In this system, the full-length yeast transcription factor GAL4 is fused to the C-terminus of APP (APP-GAL4). When cleaved by γ -secretase, the AICD fused with GAL4 would be released from the membrane-tethered part of APP and translocate to the nucleus to activate GAL4-dependent firefly luciferase transcription. As shown in Figure 4 (A), overexpression of FE65 and FE65 S610A enhances γ -secretasemediated APP processing, whereas FE65 S610D is unable to stimulate APP cleavage.
Next, the cleavage pattern of APP was studied by immunoblotting for CTFs. As reviewed in [2] , β-secretase BACE1 cleaves APP at two sites, aa 1 or 11 of Aβ, generating CTFβ and CTFβ respectively, whereas α-secretase cleaves APP at aa 17 of Aβ, generating CTFα. Full-length Aβ can only be produced when APP is cleaved by BACE1 at aa 1 that gives rise to CTFβ. We therefore analysed the CTFs pattern to evaluate the effect of FE65 Ser 610 phosphorylation on α/β-secretase-mediated cleavage. As shown in Figure 4 (B), overexpression of FE65 or FE65 S610A in APP + BACE1 co-transfected cells increases APP holoprotein, CTFβ and CTFβ levels, indicating that both FE65 and FE65 S610A promote APP β-cleavage, possibly through stabilization of APP holoprotein (to be discussed in detail below). However, such effect is lost when FE65 S610D was overexpressed instead.
As FE65 S610A but not FE65 S610D was found to promote APP β-and γ -cleavage, we investigated whether Aβ liberation was affected by FE65 Ser 610 phosphorylation. To do this, APP + FE65/FE65 S610A/FE65 S610D were co-transfected into CHO cells and the amount of secreted Aβ was measured by Aβ ELISA kit. In line with the CTFs pattern, the amount of Aβ was elevated in cells overexpressing FE65 or FE65 S610A but not in cells overexpressing FE65 S610D ( Figure 4C) . Next, the effect of SGK1 on Aβ generation was evaluated. As shown in Figure 4 (D), SGK1-CA suppresses the FE65-mediated increase in Aβ generation. However, SGK1-CA has no significant effect on FE65 S610A-promoted Aβ level. This finding further supports that phosphorylation of FE65 at Ser 610 by SGK1 abolishes the effect of FE65 on APP processing and Aβ liberation.
FE65 stabilizes APP holoprotein
We observed that the level of APP holoprotein is increased when FE65 or FE65 S610A was overexpressed in APP + BACE1 co-transfected cells, a phenomenon which is absent from APP + BACE1 + FE65 S610D co-transfected cells ( Figure 4B ). We hypothesized that FE65, through its interaction with APP, stabilizes APP holoprotein, rendering more substrates for β-secretase cleavage and thus enhances Aβ generation. To test this hypothesis, we performed a CHX chase assay to determine the half-life of APP in the absence or presence of FE65. The transfected cells were treated with CHX, a protein synthesis inhibitor, 48 h post-transfection and the cells were subsequently chased at different time points of CHX treatment. Our result shows that in the presence of FE65, the half-life of APP is prolonged ( Figures 5A and 5B) . Previously, we and others showed that loss of FE65 results in proteins destabilization via the ubiquitinproteasome system (UPS) [32, 39] . We investigated whether FE65 stabilizes APP through preventing its degradation via UPS. To clarify this, proteasome inhibitor MG132 was added to APP + control or FE65 siRNA co-transfected cells and the protein level of APP was analysed by Western blotting. DMSO was used as a vehicle control. As shown in Figure 5 (C), in control cells, FE65 knockdown leads to depletion of APP holoprotein level, which is in line with the CHX chase assay result ( Figures 5A and 5B) . When MG132 was added to the transfected cells, the depletion of APP upon FE65 knockdown was prevented. On the other hand, autophagy inhibitor 3-MA is unable to rescue the reduction in APP upon FE65 knockdown ( Figure 5D ). This suggests that loss of FE65 promotes APP degradation via UPS but not autophagy.
Phosphorylation status of Ser 610 of FE65 regulates the turnover of APP
Next, we sought to determine the effect of FE65 Ser 610 phosphorylation on the turnover of APP. The turnover rate of APP in the presence of FE65/FE65 S610A/FE65 S610D was compared by CHX chase assay followed by densitometric analysis (Figures 6A and 6B ). Our data show that FE65 S610A but not FE65 S610D prolongs the half-life of APP. Of note, it was found that FE65 S610D shows a higher turnover rate than FE65 and FE65 S610A (Figures 6A and 6C) . We asked whether APP plays a role in regulating FE65 turnover. To address this issue, cells transfected with FE65/FE65 S610A/FE65 S610D + control or APP siRNA were either treated with proteasome inhibitor MG132 or vehicle control (DMSO) and the protein level of FE65 was analysed by Western blotting. As shown in Figure 6 . This indicates that APP stabilizes FE65 and FE65 S610A by preventing their degradation through UPS. On the other hand, the protein level of FE65 S610D, which is unable to bind to APP, is not affected by endogenous APP level (lane 9 compared with lane 10). In a complementary approach, we performed an MG132 study in APP + FE65/FE65 S610A/S610D-transfected cells to evaluate the effect of FE65 Ser 610 phosphorylation on APP and FE65 proteasomal degradation. As shown in Figure 6 (E), depletion of APP and FE65 in APP + FE65 S610D-transfected cells is rescued by proteasome inhibition by MG132. A previous report provided evidence that APP is ubiquitinated by the FBL2, a component of the SCF (Skp1-cullin1-F-box protein) E3 ubiquitin ligase complex, resulting in enhanced proteasomal degradation [40] . We enquired whether FE65 precludes FBL2-mediated APP degradation. To do this, cells were co-transfected with APP + FE65, FE65 S610A or FE65 S610D + control or FBL2 siRNA and APP protein level was compared. As shown in Figure 6 (F), loss of FBL2 partially restores APP level in APP + FE65 S610D-transfected cells. Taken together, the current findings suggest that the interaction between APP and FE65 protects APP from proteasomal degradation through FBL2 and this process is regulated by the phosphorylation status of FE65 Ser 610 . In an attempt to evaluate the effect of SGK1 on APP turnover, CHX chase assay was performed in cells co-transfected with either APP + FE65 or APP + FE65 + SGK1-CA and the turnover rate of APP was compared by densitometric analysis (Figures 7A and  7B ). SGK1 was found to shorten the half-life of APP and promote APP turnover. A similar experiment was performed in cells cotransfected with either APP + FE65 S610A or APP + FE65 S610A + SGK1-CA ( Figures 7C and 7D ) and APP + FE65 siRNA or APP + FE65 siRNA + SGK1-CA ( Figures 7E and  7F ). In the absence of phosphorylatable Ser 610 or FE65, SGK1 is unable to enhance APP turnover, indicating that SGK1 promotes APP turnover through phosphorylation of FE65 at Ser 610 .
DISCUSSION
Although it is long known that FE65 is a phosphoprotein, the importance of most of these phospho-residues remains unexplored [41] [42] [43] . In the present study, we demonstrated that phosphorylation of FE65 Ser 610 by SGK1 attenuates the interaction between FE65 and APP ( Figure 1) . Our findings are similar to those of others who provided evidence that SGK1 phosphorylates a rat variant of FE65 [44] . FE65 Ser 610 is located within the PTB2 domain of FE65, which is the domain that is responsible for APP binding. In fact, structural analysis of FE65 PTB2 domain in complex with AICD-C32 aa664-695 performed by Radzimanowski et al [34] revealed that Ser 610 is involved the interaction interface. Our experimental data and MD simulation (Figure 2 ) further support the importance of FE65 Ser 610 as a critical aa in APP-FE65 interaction and reveals a novel molecular mechanism that modulates APP-FE65 interaction.
It is known that AICD acts as a cytosolic docking site of FE65 and refrains FE65 from nuclear translocation. The cytosolic localization of FE65 has in fact important implications for its functions, in particular, the modulation of APP processing [45] . Being a multi-domain adaptor protein, FE65 has been reported to serve as a bridging molecule between the cytosolic tails of APP and a number of apolipoprotein E (ApoE) receptors including low-density lipoprotein receptor-related protein (LRP1), ApoER2 and very low-density lipoprotein receptor (VLDLR). Through the formation of these APP-FE65-ApoE receptors trimeric complexes, FE65 acts as a functional linker and mediates Aβ secretion [14, [46] [47] [48] . In the present study, we showed that the co-localization of APP and FE65 in the perinuclear region is lost when FE65 Ser 610 is phosphorylated and FE65 is retained in the nucleus (Figure 3) . The disruption in APP-FE65 co-localization when FE65 Ser 610 is phosphorylated hints at alteration of FE65-mediated APP processing. In this regard, we demonstrated that phosphorylation of FE65 Ser 610 by SGK1 abolishes the effect of FE65 on APP processing and the amount of secreted Aβ is comparable to APP + Mock control (Figure 4 ). This is in agreement with a previous study conducted by Barbagallo et al. [49] , which demonstrated that knockin mice carrying APP Y682G mutation, a mutant that does not bind FE65, exhibit a reduced Aβ level, indicating that Aβ secretion is dependent, at least in part, on APP-FE65 interaction.
An increasing body of evidence suggests that the regulation of APP holoprotein level is important for AD pathogenesis. First, triplication of the APP gene on chromosome 21 in Down's syndrome (DS) patients is associated with development of early onset AD [50, 51] . On the other hand, in DS patients with only partial trisomy 21 that excludes APP gene, AD pathology was not observed even at an advanced age [52] . Second, APP mRNA level was reported to be elevated in sporadic AD, accompanied by a marked decrease in miR-106b, a negative regulator of APP expression [53, 54] . Third, degradation of APP through the lysosomal pathway and proteasomal pathway has been implicated in reduction in Aβ liberation [40, [55] [56] [57] [58] . We presented here for the first time that FE65 stabilizes APP holoprotein and prolongs its half-life by preventing APP degradation through UPS ( Figure 5 ). Previously, we and an other group have demonstrated that FE65 stabilizes p53 and huntingtin (Htt) by suppressing their degradation through UPS [32, 39] . The current finding has two important implications: (1) it reinforces the role of FE65 as a negative regulator in UPS-mediated degradation and (2) other than acting as a bridging molecule between APP and ApoE receptors, such as LRP1, ApoER2 and VLDLR, which modulate APP processing, FE65 serves to suppress APP holoprotein turnover through UPS, thereby enhancing Aβ generation [14, [46] [47] [48] . Importantly, the phosphorylation status of FE65 Ser 610 was shown to regulate the turnover rate of APP. Consistent with the interaction behaviour, phosphorylation of FE65 Ser 610 abrogates the stabilization effect on APP, leading to a shorter half-life ( Figures 6A, 6B and 6E ). This provides a mechanistic explanation of the regulatory effect of FE65 Ser 610 phosphorylation on APP processing. Additionally, we provided evidence that degradation of FE65 and FE65 S610A through UPS is suppressed by APP, a phenomenon which is not observed in FE65 S610D (Figures 6C and 6D) . Several studies showed that APP can be targeted to proteasome through multiple pathways, leading to reduction in Aβ generation. For instance, APP was reported to be an endoplasmic reticulum-associated degradation (ERAD) substrate where it is ubiquitinated by ER-localized E3 ubiquitin ligase HRD1 and the stress-responsive chaperone-protease HtrA2, through binding to the N-terminal region of APP, serves as a shuttling chaperone to assist proteasome targeting [55, 56] . In the present study, we showed that knockdown of FBL2, a component of a reported APP E3 ubiquitin ligase which is primarily found in ER, partially rescues accelerated APP degradation in FE65 S610D-transfected cells ( Figure 6F) . A previous report indicated that APP and FE65 interact in various subcellular compartments along the secretory pathway including ER as evidenced by subcellular fractionation by iodixanol gradients [8] . It is therefore possible that FE65 competes with FBL2 for APP binding in ER, thereby preventing APP proteasomal degradation and promotes Aβ generation. However, further investigation on the underlying mechanism by which FE65 blocks APP degradation through UPS is clearly warranted. In particular, the ubiquitination level of APP in the presence or absence of FE65 should be evaluated. On the other hand, it is worthwhile to investigate whether or not APP-FE65 interaction prevents FBL2 from accessing APP. Nevertheless, our current finding underscores the importance of APP-FE65 interaction in regulating the metabolic turnover of APP through UPS, which in turn modulates APP processing and thus Aβ generation.
Furthermore, in the present study, we demonstrated that SGK1 attenuates APP-FE65 interaction through FE65 Ser 610 phosphorylation (Figure 1 ), suppresses FE65-enhanced Aβ secretion ( Figure 4D ) and promotes APP turnover through phosphorylating FE65 (Figure 7 ). SGK1 is a serine/threonine kinase downstream of the phosphatidylinositol 3-kinase (PI3K) cascade and its expression is acutely regulated by serum and glucocorticoids [36, 59] . It is known to shuttle between nucleus and cytosol and localize to ER under certain circumstances [60] [61] [62] . In our study, we propose that (1) FE65 binds to APP holoprotein and prevents proteasomal degradation of APP, presumably in ER and (2) SGK1 phosphorylates FE65 Ser 610 and abrogates the interaction between APP and FE65. Since both FE65 and SGK1 shuttle between nucleus and cytosol, there are two possible scenarios concerning the phosphorylation event.
(1) SGK1 phosphorylates FE65 in the cytosol before FE65 binds to APP and thereby blocks APP-FE65 interaction.
(2) SGK1 phosphorylates FE65 in the ER when it is bound to APP and serves as a dissociation signal of APP-FE65 interaction.
In either scenario, phosphorylation of FE65 by SGK1 attenuates APP-FE65 interaction and APP becomes more prone to proteasomal degradation. Additionally, SGK1 has been previously shown to phosphorylate the γ -secretase component nicastrin (NCT) and promote its degradation [63] . Examination of APP, CTFs and AICD protein levels and activity of C99-GAL4/VP16 luciferase reporter revealed that γ -secretase-mediated APP cleavage is suppressed by SGK1. Our work demonstrated for the first time that SGK1, through phosphorylating FE65 Ser 610 , modulates Aβ liberation ( Figure 4D ) and unravelled a novel pathway by which SGK1 regulates APP processing. Intriguingly, transforming growth factor β (TGFβ), a powerful stimulator of SGK1, is known to confer a neuroprotective effect against Aβ [64] . In this regard, an attempt has been made to search for small molecule TGFβ mimetics as potential AD therapeutic candidates [65] . It is hoped that through identifying a specific stimulator of SGK1, more potential candidates for future AD drug design could be developed.
In conclusion, we found that FE65 enhances APP processing and Aβ generation by preventing APP holoprotein degradation. Importantly, phosphorylation of FE65 Ser 610 by SGK1 acts as a molecular switch of this event. Our findings shed light on the dual role of SGK1 in reducing APP processing and potentially delaying AD pathogenesis. Future studies on the level of SGK1 and FE65 Ser 610 phosphorylation in AD compared with control brains would provide valuable information on AD pathology.
